Inducing bistability with local electret technology in a microcantilever based non-linear vibration energy harvester A micro-electro-mechanical system based vibration energy harvester is studied exploring the benefits of bistable non linear dynamics in terms of energy conversion. An electrostatic based approach to achieve bistability, which consists in the repulsive interaction between two electrets locally charged in both tip free ends of an atomic force microscope cantilever and a counter electrode, is experimentally demonstrated. A simple model allows the prediction of the measured dynamics of the system, which shows an optimal distance between the cantilever and the counter electrode in terms of the root mean square vibration response to a colored Gaussian excitation noise. Among all the explored alternatives to improve the performance characteristics in vibration energy harvesting (VEH) schemes, those based on the non-linear mechanical properties of the transducer element have demonstrated to be one of the most promising options.
1-3 In particular, two main issues make these systems to perform better than traditional linear ones. First, they are able to harvest energy from wide band non-harmonic vibration sources; consequently, they do not require complex tuning strategies in the transducer to match the characteristic frequency of the energy source. 4 Second, they can extract energy from low frequency sources in a non-resonant way. Therefore large inertial masses and large volume realizations are not strictly needed. 5 On the one hand, bistable implementations have become one of the most reported non-linear vibration energy harvesting (NLVEH) choices. Several ways to induce bistability in NLVEH have been demonstrated so far: magnetic repulsion, 2 inverted cantilever, 6 induced or residual stress. 7 On the other hand, it has been demonstrated that microelectro-mechanical systems (MEMS) technology can provide solutions for NLVEH with improvements in the energy level sensitivity, 8 according to their extremely high mechanical compliance.
However, in most of the previous cases, a physical realization of the transducer at the nano or even at the microscale becomes technologically difficult, due to the low control of the bistability parameter during the fabrication process (stress) or due to material non-compatibility (magnetic materials).
In this paper, we demonstrate an alternative based on local electret technology to induce bistability in the mechanical behavior of a triangular tipless AFM-like microcantilever. A simple method based on the capacitance constant voltage stress is used to locally charge the free end of a silicon nitride cantilever. A counter electrode (CE), having the same geometry and material as the cantilever, is also locally charged by the same procedure and brought in close proximity to the cantilever. Repulsive electrostatic interaction between both electrets combined with the restoring force of the cantilever gives rise to a bistable potential for a certain cantilever-electrode distance, which is used as the parameter to control the bistability. A detailed study of the cantilever dynamics when it is excited with a colored vibration noise is presented for different bistability and noise intensity conditions.
We consider a commercial 600 nm thick silicon nitride (Si 3 N 4 ) V-shaped cantilever, 9 as the one depicted in the top side of Figure 1 (a) with a 65 nm thick Cr/Au layer coating the backside of the structure.
The AFM-like cantilever has a nominal resonance frequency and a spring constant of 17 kHz and 0.08 N/m, respectively. The same kind of triangular structure, but having a length short enough to prevent any significant displacement, is used to define a counter electrode (see bottom side of Figure 3 (a)).
The tip of the cantilever or the counter electrode are independently charged by applying a voltage (15 V typically during 30 min) between the Cr/Au coated top side and the back sides through a contacting gold coated sample, as shown in Figure 2 (a). During this process, some charges overcome the barrier at the metal-insulator junction and end up trapped at the surface or deep in the body of the cantilever/electrode. 10 To detect the dynamics of the system we use a conventional AFM optical readout setup, as described in Figure 2 (b). The alignment of the cantilever and the counter electrode is achieved by moving both elements with one each 3D micropositioners. Top and lateral views are obtained by means of two CCD cameras which provide an optical feedback during the whole process. A precise control of the cantilever-CE gap distance, d, is achieved with a long range piezo-stack which produces a longitudinal displacement of the CE at a 0.1 lm/V ratio. The deflection of a reflected HeNe laser beam (632.8 nm, 15 mW) on the cantilever surface is detected by means of a position sensitive detector (PSD, New Focus 2930). The transduced electrical signal is captured and stored through an oscilloscope. The mechanical excitation of the cantilever is done through a piezoelectric shaker connected to a voltage noise generator. We have verified that the noise used to excite the device is a pink noise, with the intensity inversely proportional to the frequency, as expected in 1/f noise.
We assume a simple elastic restoring force, F el ¼ Àk Á x, for the cantilever, where k and x are the stiffness and the out-of-plane displacement, respectively. A nominal value of k ¼ 0.08 N/m is considered.
We assume that the electric charges, q 1 and q 2 , have the same sign and that they are trapped at the tip end of the cantilever and CE. Facing them as shown in Figure 1 , we can compute the total potential energy of the system as
where K is the Coulomb constant and q ¼ (q 1 Á q 2 )
. This defines a bistable potential for certain values of the parameters k, q, and d as it can be seen in Figure 1(b) . Deriving and solving the equation dV/dx ¼ 0, the position of the stable points can be found as well as the potential barrier height in terms of these three parameters
It is clear that to achieve the bistability condition, expression (2) must give a real number and, then, one can express this condition as d < (Kq 2 /k) 1/3 . As it is expected, this range of values assure a real value for the barrier height as well. For the experimental purposes, the nonlinearizing parameter will be the distance between electric charges as both q and k will be determined before displaying the experiment while d will be a tunable quantity. representative of the three characteristic dynamical regimes. (i) For large d, the system responds as a linear resonant system oscillating around x ¼ 0 (black line). (ii) As d decreases and charges get closer, the bistability appears and the cantilever is able to jump from one potential minimum to the other in a random sequence (red line). (iii) Finally, when charges are too close, the potential barrier is too high and the dynamics gets stuck in one of the two wells: the cantilever oscillates around one of its equilibrium positions, but lowerfrequency swings to the other minimum are hindered by the barrier height (blue line). An optical image of the system is shown in the upper panel of Figure 3(a) , where magnified images slightly allow differentiating the up and down states of the bistable regime. This can be seen more clearly in the video provided (see link in Fig. 3 caption) . Besides, note that in top Figure 3(a) images, the optical resolution and the lack of perfect perpendicularity of the view avoid to solve both the 600 nm thickness of the cantilever (or of the CE) and the gap distance. In Figure 3(b) we plot the displacement root mean square, x rms , obtained experimentally (red symbols) for different values of the distance d, while keeping fixed the noise intensity. These results are in good agreement with the predictions of the model (continuous lines). Clearly, there is an optimal cantilever-CE gap, d opt ¼ 3.6 lm, that maximizes the system response in terms of x rms , which is closely related to the capability of transducing kinetic energy into electric energy. 7 The position of the potential energy minima as a function of d (inset of Figure 3(b) ), obtained by measuring the average position, also shows a good agreement between experimental data and model (Eq. (2)).
Thus far, we have considered a given noise intensity and optimized the separation between charges, achieving the bistability and maximizing the root mean square of the cantilever displacement. Now we consider the case of a given value of d, and we show that, as expected, there is always a value for the noise intensity from which the system again becomes strongly non-linear, jumping from one well to the other, while below this threshold the cantilever gets stuck in one of the two wells. This behavior is shown in Figure 4 , pointing out that the benefits of bistability can be extended to all F rms below the rupture limit when overcoming a threshold value. Furthermore, even beneath this threshold value, when the external noise is not able to provoke transitions over the potential barrier, the response seems to be of the same order of that for the resonating case.
In summary, we have modeled, fabricated, and tested a bistable NLVEH where a strategy based on local electrets technology is used to engineer the non-linearity of the system. The harvester, consisting in a 0.08 N/m Si 3 N 4 microcantilever faced to a counter electrode, is driven into bistable regime by controlling the distance between the tip end of both elements, where two electric charges of the same sign have been implanted, thus tuning their electrostatic repulsion. A good agreement between the predictions of a simple model and the experimental data is achieved reproducing all the main features of the expected dynamics. The proof-ofconcept demonstrated in this letter should now be followed by a careful optimization of the device parameters, including the material of choice. While here we have used commercial Si 3 N 4 cantilevers, other materials such as Teflon should be preferred for the much longer decay times of the trapped charge.
